In 2009, the U.S. Preventive Services Task Force recommended biennial mammography screening for women aged 50 to 74 years and selective screening for those aged 40 to 49 years.
I
n 2009, the U.S. Preventive Services Task Force (USPSTF) recommended biennial mammography screening for women aged 50 to 74 years (1) on the basis of evidence of benefits and harms (2) . The USPSTF concluded that screening decisions for women aged 40 to 49 years should be based on individual considerations, and that evidence was insufficient to assess benefits and harms for women aged 75 years or older (1) .
Mammography screening in the United States is generally opportunistic, unlike many screening programs organized as public health services in other countries. Despite changes in practice guidelines and variation in clinical practices (3), overall screening rates in the United States have remained relatively stable for the past decade (4, 5) . Data from the Healthcare Effectiveness Data and Information Set indicate that mammography screening in 2014 in HMOs was performed for 74% of eligible women covered by commercial plans, 72% by Medicare, and 59% by Medicaid (6) .
This systematic review updates evidence for the USPSTF on the effectiveness of mammography screening in reducing breast cancer mortality, all-cause mortality, and advanced breast cancer for women at average risk; and how effectiveness varies by age, risk factors, screening intervals, and imaging modalities. Systematic reviews of harms of screening (7), performance characteristics of screening methods (8) , and accuracy of breast density determination and use of supplemental screening technologies (9) are provided in separate reports.
ther describes the methods and includes search strategies and additional information (7) .
Investigators created an analytic framework outlining the key questions, patient populations, interventions, and outcomes reviewed (Appendix Figure 1 , available at www.annals.org). Key questions include the effectiveness of screening in reducing breast cancer mortality, all-cause mortality, and advanced breast cancer, and how effectiveness differs by age, risk factors, screening intervals, and modalities (mammography [film, digital, tomosynthesis], magnetic resonance imaging [MRI] , and ultrasonography).
The target population for the USPSTF recommendation includes women aged 40 years or older, and excludes women with known physical signs or symptoms of breast abnormalities and those at high-risk for breast cancer whose surveillance and management are beyond the scope of the USPSTF's recommendations for prevention services (i.e., preexisting breast cancer or high-risk breast lesions, hereditary genetic syndromes associated with breast cancer, or previous large doses of chest radiation before age 30 years). Risk factors considered in this review are common among women who are not at high risk for breast cancer (12) (Appendix Figure 1 , available at www.annals .org).
Data Sources and Searches
A research librarian conducted electronic database searches of the Cochrane Central Register of Controlled Trials, Cochrane Database of Systematic Reviews, and Ovid MEDLINE to 4 June 2015. Searches were supplemented by references identified from additional sources, including reference lists and experts. Additional unpublished data were provided by the investigators of the Canadian National Breast Screening Study (CNBSS) and Swedish Two-County Trial.
Study Selection
Two investigators independently evaluated each study to determine inclusion eligibility on the basis of prespecified criteria. Discrepancies were resolved through consensus.
We included randomized, controlled trials (RCTs); observational studies of screening cohorts; and systematic reviews that compared outcomes of women exposed to screening versus not screening. For advanced cancer outcomes, studies that reported the incidence of late-stage disease among screened and unscreened populations were included, whereas those reporting comparisons of detection methods that did not capture a woman's longitudinal screening experience were not included (e.g., rates of screen-detected vs. non-screendetected cancer).
Studies providing outcomes specific to age, risk factors, screening intervals, and modalities were preferred over studies providing general outcomes, when available. Studies most clinically relevant to practice in the United States were selected over studies that were less relevant. Relevance was determined by practice setting, population, date of publication, and use of technologies and therapies in current practice. Studies meeting criteria for high quality and those with designs ranked higher in the study design-based hierarchy of evidence were emphasized because they are less susceptible to bias (e.g., RCTs over observational studies).
Data Extraction and Quality Assessment
Details of the study design, patient population, setting, screening method, interventions, analysis, followup, and results were abstracted by one investigator and confirmed by a second. Two investigators independently applied criteria developed by the USPSTF (10, 11) to rate the quality of each study as good, fair, or poor for studies designed as RCTs, cohort studies, case-control studies, and systematic reviews; criteria to rate other study designs included in this review are not available. Discrepancies were resolved through consensus.
Data Synthesis
We conducted several meta-analyses to determine more precise summary estimates when adequate data were reported by trials rated as fair-or good-quality. In each meta-analysis, the number of included trials was counted as the number of discrete data sources contributing to the summary estimate using their most recent results. To determine the appropriateness of meta-analysis, we considered clinical and methodological diversity and assessed statistical heterogeneity. All outcomes were binary (breast cancer mortality, allcause mortality, and advanced cancer incidence defined by stage and tumor size). We used a randomeffects model to combine relative risks (RRs) as the effect measure of the meta-analyses, while incorporating variation among studies. A profile-likelihood model was used to combine studies in the primary analyses (13) . We assessed the presence of statistical heterogeneity among the studies by using the standard Cochran chi-square test, and the magnitude of heterogeneity by using the I 2 statistic (14). To account for clinical heterogeneity and obtain clinically meaningful estimates, we stratified the analyses by age group whenever possible (39 to 49 years, 50 to 59 years, 60 to 69 years, 70 to 74 years, and ≥50 years). We obtained additional age-stratified data for the meta-analysis from the investigators of 3 trials (15, 16) (Tabá r L. Personal communication).
For breast cancer mortality, we used 2 methods of including cases to help clarify discrepancies between estimates. The long case accrual method counts all breast cancer cases contributing to breast cancer deaths. In this method, the case accrual time is equivalent to or close to the follow-up time. The short case accrual method includes only deaths that occur among cases of breast cancer diagnosed during the screening intervention period, and in some trials, within an additional defined case accrual period. The longest follow-up times available for each trial were selected for inclusion in the initial meta-analyses, and sensitivity analyses were conducted by using results of short case accrual methods.
We calculated the absolute rate reduction for 100 000 woman-years of follow-up (i.e., 10 000 women followed for 10 years) for each age group on the basis of the combined RR and the combined cancer rate of the control group. We estimated combined cancer rates for each age group for controls with a random effects Poisson model using data from the trials. All analyses were performed by using Stata/IC, version 13.1 (StataCorp).
We assessed the aggregate internal validity (quality) of the body of evidence for each key question as good, fair, or poor by using methods developed by the USPSTF that are based on the number, quality, and size of studies; consistency of results between studies; and directness of evidence (10, 11) .
Role of the Funding Source
This research was funded by the Agency for Healthcare Research and Quality (AHRQ) under a contract to support the work of the USPSTF. The investigators worked with USPSTF members and AHRQ staff to develop and refine the scope, analytic framework, and key questions; resolve issues during the project; and finalize the report. The AHRQ had no role in study selection, quality assessment, synthesis, or development of conclusions. The AHRQ provided project oversight; reviewed the draft report; and distributed the draft for peer review, including to representatives of professional societies and federal agencies. The AHRQ performed a final review of the manuscript to ensure that the analysis met methodological standards. The investigators are solely responsible for the content and the decision to submit the manuscript for publication.
RESULTS
Of the 12 070 abstracts identified by electronic searches and other sources, 38 studies met inclusion criteria for key questions in this report, including 5 systematic reviews of 62 studies (Appendix Figure 2 , available at www.annals.org).
RCTs of Screening
Eight main trials of mammography screening met criteria for fair quality: the Health Insurance Plan of Greater New York (HIP) trial (17) ; the CNBSS (Canadian National Breast Cancer Screening)-1 (18, 19) and CNBSS-2 (20, 21) ; the Age trial, performed in the United Kingdom (22) ; and 4 trials from Sweden, which were the Stockholm trial (23), Malmö Mammographic Screening Trial (referred to separately as "MMST I" and "MMST II") (24), Gothenburg trial (25), and Swedish Two-County Trial (referred to separately as "Ö stergö tland" and "Kopparberg") (26) . Updates of the CNBSSs, the Age trial, and Swedish Two-County Trial provided new data for this report (15, 16, 27) . The Edinburgh trial (28) was not included because of important baseline differences between screening and control groups, suggesting inadequate randomization.
Trials included over 600 000 women and varied in their recruitment, randomization, screening protocols, control groups, and sizes (Appendix Table 1 , available at www.annals.org). Breast cancer mortality was the main outcome measure, and all trials evaluated differences between screening and control groups on an intention-to-screen basis. Other important characteristics are described in the technical report (7) .
Breast Cancer Mortality Outcomes

Screening Trials
The Swedish Two-County Trial (Kopparberg and Ö stergö tland [26] ), Age trial (27) , Gothenburg trial (25), and CNBSS-1 and CNBSS-2 (15) used long case accrual methods to report breast cancer mortality by age. The HIP trial (29) , MMST I, MMST II, and Stockholm trials used only short case accrual (30) to report breast cancer mortality by age. Across all trials, the mean or median screening intervention time ranged from 3.5 to 14.6 years, case accrual time from 7.0 to 17.4 years, and follow-up time from 11.2 to 21.9 years.
For women aged 39 to 49 years, the combined RR for breast cancer mortality was 0.92 (95% CI, 0.75 to Only 3 Swedish trials (Ö stergö tland, Kopparberg, and MMST I) provided outcomes for women aged 70 to 74 years, and the numbers of events in these trials were much lower than for other age groups (26) . A metaanalysis indicated a combined RR of 0.80 (CI, 0.51 to 1.28) (3 trials [26] ).
Results of the meta-analysis were used to determine absolute rates of breast cancer mortality reduction per 10 000 women screened for 10 years ( Table 1) . The number of deaths reduced (i.e., prevented) was 2.9 (CI, -0.6 to 8.9) for women aged 39 to 49 years; 7.7 (CI, 1.6 to 17.2) for those aged 50 to 59 years; 21.3 (CI, 10.7 to 31.7) for those aged 60 to 69 years; and 12.5 (CI, -17.2 to 32.1) for those aged 70 to 74 years. Absolute reduction for the combined group of women aged 50 to 69 years was 12.5 (CI, 5.9 to 19.5).
The effect of screening was diminished, although the statistical significance of the estimates did not change, in our sensitivity analysis that included results of a published combined analysis of the Swedish trials (MMST I, MMST II, Stockholm, Ö stergö tland, Gothenburg, and Stockholm) using a long case accrual ("follow-up") method (30) rather than results of individual trials. In a separate sensitivity analysis, meta-analysis estimates from trials with short case accrual methods differed only slightly from those with long case accrual ( Table 1) . Across all trials with short case accrual, the mean or median screening intervention time ranged from 3.5 to 14.6 years, case accrual time from 5.0 to 15.5 years, and follow-up time from 10.7 to 25.7 years.
Observational Studies
Three good-quality systematic reviews of observational studies of screening were recently conducted by the EUROSCREEN Working Group to assess the effectiveness of mammography screening on breast cancer mortality (31) (32) (33) ). An additional review included many of the same studies (34) . The EUROSCREEN reviews included studies from current population-based screening programs in Europe and the United Kingdom; included women aged 50 to 69 years; and were designed as time-trend, incidence-based mortality, or case-control studies. Although quality criteria were not prespecified, the studies were subjected to critical review according to design-specific factors.
Of 12 time-trend studies reporting changes in breast cancer mortality in relation to the introduction of screening (32, 35-39, 40 -46) , 3 with adequate follow-up reported mortality reductions ranging from 28% to 35% (41, 42, 45) . A meta-analysis (33) of incidence-based mortality studies estimating breast cancer mortality from a cohort of women not invited for screening, or from historical and current control Six additional studies were not included in the published systematic reviews because they were published in 2011 or later (59 -63) , included women in countries outside Europe and the United Kingdom (63, 64), or focused on ages older or younger than 50 to 69 years (59, 64) (Appendix Table 2 , available at www.annals .org). These studies are generally consistent with the EUROSCREEN results (61-63), including 2 observational studies of women in their 40s indicating a 26% to 44% reduction in breast cancer mortality for women invited to (59) or participating in screening (59, 63) .
All-Cause Mortality
All included trials of mammography screening reported all-cause mortality outcomes. However, not all trials reported them according to age, and the 2 Canadian trials reported combined estimates. For all ages, the combined RR of 0.99 (CI, 0.97 to 1.002) ( 
Mortality Outcomes by Risk Factors, Screening Intervals, and Modalities
No trials reported mortality outcomes for women with specific risk factors besides age, and none compared different screening intervals or modalities. Two observational studies indicated no differences in breast cancer mortality after changing from annual to biennial screening (66) or between annual and triennial screening (67) (Appendix Table 2 ).
Advanced Breast Cancer Outcomes
Screening Trials
Trials measured cancer severity in terms of clinical stage (0 to IV) (23, 24, 68, 69) , number of involved lymph nodes (0, 1 to 3, or ≥4) (18, 20, 25, 26, 70) , and tumor size (mm) (19, 21, 26) , and these varied across trials. Although "advanced" breast cancer is classified as metastatic disease (stage IV) by the American Joint Committee on Cancer TNM system based on tumor size, lymph node involvement, and presence of metastasis (71), most trials defined advanced breast cancer at much lower thresholds (72) .
To combine results, the meta-analysis included the most severe disease categories available from the trials, recognizing that these definitions do not represent equivalent disease stages (Appendix Table 3 (Figure 2) .
Observational Studies
Five case-series studies compared breast cancer diagnoses in populations of women who had previous screening versus none (73) (74) (75) (76) (77) . However most studies used thresholds indicating early stages of disease (74, 77) or reported proportions rather than incidence rates (73) (74) (75) (76) (77) , providing inadequate data to determine the effectiveness of screening (Appendix Table 4 , available at www.annals.org). * On the basis of trials of screening included in the meta-analysis. † From meta-analyses of screening trials using 2 different methods of case accrual. The long case accrual method counts all breast cancer cases contributing to breast cancer deaths. In this method, the case accrual time is equivalent to or close to the follow-up time. The short case accrual method includes only deaths that occur among cases of breast cancer diagnosed during the screening intervention period, and in some trials, within an additional defined case accrual period.
Treatment-Related Morbidity Outcomes
Screening Trials
A Cochrane review compared treatments between randomized groups in 5 screening trials: the CNBSS-1 and CNBSS-2, the MMST, and the Kopparberg and Stockholm trials (78) . In this analysis, women randomly assigned to screening were more likely to have surgical therapy, analyzed as mastectomies and lumpectomies combined (RR, 1 
Observational Studies
Four case-series studies compared breast cancer treatments in populations of women who had previous screening versus none (73-76) (Appendix Table 5 , available at www.annals.org). Although studies indicated less extensive surgery, such as fewer total mastectomies and more breast conservation therapies (73) (74) (75) (76) , and less chemotherapy (73, 74, 76) among screened women, the diagnosis of ductal carcinoma in situ was included in some studies (74, 76) , resulting in less intensive therapies overall in screened women.
Advanced Breast Cancer and Treatment-Related Morbidity Outcomes by Risk Factors, Screening Intervals, and Modalities
Five observational studies based on populations in the U.S. Breast Cancer Surveillance Consortium compared breast cancer diagnoses by screening intervals (79 -83) (Appendix Table 4 ). Some analyses indicated no differences between annual and biennial screening in detecting advanced stage disease (79, 80, 83) , whereas 2 analyses indicated earlier stages of disease among women aged 40 to 49 years who were screened annually versus biennially (81, 82) ; this latter finding was confined to women with extreme breast density in one study (82) . A randomized trial of annual versus triennial screening indicated detection of more tumors larger than 20 mm in size with triennial screening; however, this threshold indicates early rather than advanced disease (84). Two observational studies of women receiving mammography versus mammography and tomosynthesis indicated no differences in cancer size (85) or node status (85, 86) (Appendix Table 6 , available at www.annals.org).
DISCUSSION
A summary of evidence is provided in Table 2 . The effectiveness of mammography screening in reducing breast cancer mortality was evaluated by RCTs and observational studies providing fair-quality evidence. Our meta-analysis of 8 randomized trials indicates that breast cancer mortality is generally reduced with screening; however, estimates are not statistically significant for women aged 39 to 49 years and those aged 70 to 74 years, the magnitudes of effect are small, and results differ depending on how cases were accrued in trials. These results differ from our previous estimate (2) because they include updated data from the CNBSS-1 and CNBSS-2, the Swedish Two-County Trial, and the Age trial and incorporate data by using the longest case accrual methods available from each trial.
Observational studies of population-based mammography screening, limited by inherent biases of nonrandomized studies, reported a wide range of reductions in breast cancer mortality. Most studies were conducted in Europe or the United Kingdom and included women aged 50 to 69 years. Meta-analyses indicated a 25% reduction based on 7 incidence-based mortality studies and a 31% reduction based on 7 casecontrol studies. These results generally concur with our meta-analysis of trials for women aged 50 to 69 years that indicated a statistically significant 22% reduction.
Evidence of breast cancer mortality reduction in observational studies is inconsistent with randomized trials of women in their 40s. Two observational studies indicated 25% to 44% reductions with screening that differ from the non-statistically significant reduction from our meta-analysis of trials. This difference may reflect dissimilarities between participants and nonparticipants of screening programs in nonrandomized studies, as well as assumptions underlying mortality estimates.
All-cause mortality did not differ between randomized groups in meta-analyses of fair-quality trials, regardless of whether trials were analyzed in combined or separate age groups.
Questions about the effectiveness of screening in reducing breast cancer-specific or all-cause mortality on the basis of risk factors, screening intervals, and modalities remain largely unanswered by currently available research. No studies evaluated breast cancerspecific or all-cause mortality outcomes on the basis of risk factors besides age. Although there were no trials of the effectiveness of different screening intervals, 2 observational studies indicated no differences in breast cancer mortality after changing from annual to biennial screening or between annual and triennial screening. The effectiveness of breast cancer screening in reducing advanced breast cancer outcomes is supported by less evidence than for mortality. Studies provided heterogeneous measures of breast cancer severity and generally reported early-stage disease. A meta-analysis of trials indicated a statistically significant reduction in advanced disease for women aged 50 years or older who were randomly assigned to undergo screening, but not for women aged 39 to 49 years. This reduction in advanced cancer aligns with reductions in mortality outcomes for women older than 50 years reported in randomized trials and observational studies, but differs from studies of population trends that show no reductions in advanced breast cancer after the introduction of mass screening (87) (88) (89) .
In a meta-analysis of 5 trials, women randomly assigned to undergo screening were more likely to have surgical and radiation therapy and less likely to have hormone therapy than controls; use of chemotherapy was similar between groups. This finding would be expected, because screening increases detection of ductal carcinoma in situ and early-stage disease that are currently aggressively treated. Observational studies of the impact of screening on diagnosis and treatment of advanced cancer were inadequately designed to determine effectiveness because they generally provided comparisons between screen-detected and nonscreen-detected cases and between proportions of different cancer diagnoses for screened versus unscreened women. Comparisons of incidence rates between screening versus nonscreening populations would provide more appropriate measures.
The effectiveness of screening in reducing advanced breast cancer and treatment morbidity on the basis of risk factors, screening intervals, and modalities was also unanswered by current research. The analysis of outcomes based on screening intervals in the U.S. Breast Cancer Surveillance Consortium is limited by the opportunistic nature of screening in the United States. Women choosing short screening intervals probably differ in important ways from those choosing longer intervals. Consequently, comparisons between out- Our review has limitations. First, we included only English-language articles; this could result in language bias, although we did not identify non-Englishlanguage studies that otherwise met inclusion criteria in our searches. Second, we only included studies that were applicable to current practice in the United States in order to improve clinical relevance for the USPSTF, excluding studies and limiting relevance to other populations and settings. Third, studies used heterogeneous definitions for advanced breast cancer that did not consider tumor subtypes, and most trials used imaging technologies and treatments that are now outdated, limiting their applicability. Finally, studies were not available for some key questions, specifically for effectiveness based on risk factors, intervals, or other modalities; and the number, quality, and applicability of studies varied widely.
Additional research on the effectiveness of mammography screening with quality-of-life outcomes, as well as morbidity and mortality outcomes, and using current imaging technology and breast cancer treatments would provide further understanding of the implications of routine screening. Data for specific groups of women, particularly older women, or groups based on racial and ethnic background, access to screening, or existence of comorbidities, for example, could further inform screening practices. New technologies, such as tomosynthesis, are becoming more widely used in the United States without definitive studies of their effects on screening outcomes. Studies on the role of additional imaging modalities in screening are required in order to appropriately incorporate these technologies in the screening process.
In conclusion, breast cancer mortality is generally reduced with mammography screening, although estimates are not statistically significant at all ages and the magnitudes of effect are small. Advanced cancer is reduced with screening for women aged 50 years or older. * Numbers of participants in screening and control groups vary by publication. † Generally effective randomization and comparable groups are assembled initially, but some question remains whether some, although not major, differences occurred in follow-up. ‡ Important differential loss to follow-up or overall high loss to follow-up; adherence <80%. § Numbers of participants unclear.
ʈ New data since prior recommendation. ¶ Did not maintain comparable groups (includes attrition, crossovers, adherence, contamination).
